To estimate oil evaporation from an engine cylinder liner, an evaporation model has been implemented and incorporated with an existing 3-D piston ring-pack lubrication model.
INTRODUCTION
Experimental studies have demonstrated the significance of oil volatility and liner temperature on oil consumption, which implies the contribution of oil evaporation on the cylinder liner to the overall oil consumption [1] [2] [3] [4] . Several numerical models for the evaporation of oil from the liner have been presented in attempts to establish which physical mechanisms and which design parameters most strongly influence oil evaporation [4] [5] [6] . In most of these models, oil evaporation process is treated as the diffusion of oil vapor through a gas boundary layer on the liner surface. Oil itself is modeled as being composed of several distinct hydrocarbon species. Overall oil evaporation is computed by calculating the local instantaneous oil vapor mass flux for numerous locations on the liner, integrating over time and space, and summing over the number of oil species.
Due to the temperature distribution along the liner, the composition of oil varies from location to location. Meanwhile, the upper liner region beyond the TDC location of the oil control ring has no direct oil supply, and hence is deficient in light species. As a result, oil transport by ring movement can alter local oil composition. Several published models [4, 6] , although lacking detailed consideration, have demonstrated the importance of considering the variation of oil composition and oil transport along the liner in predicting oil evaporation.
In this work, a model for oil evaporation on the cylinder liner is described. As a sub-model in the existing 3-D ring-pack lubrication model [7] , it utilizes the information for oil transport along the liner to compute the change of oil composition caused by the movement of the ring-pack. Meanwhile, the change of oil film thickness due to the evaporation is calculated. The model is applied to a gasoline engine and some analyses are performed.
MODEL DESCRIPTION
The approaches in [4] [5] [6] were adapted for modeling oil evaporation from the cylinder liner. Several key assumptions are listed below:
• Only the portion of the liner surface exposed to the cylinder gas is considered.
• The oil composition within the oil film is uniform, thus the evaporation process reduces to a convective mass transfer at the liquid/gas interface.
• The lubrication oil consists of distinct paraffin hydrocarbon species and additives are not considered. The viscosity change due to the depletion of light species is neglected.
• The concentrations of the oil species inside the cylinder gas are so low that they are assumed to be zero. During an engine cycle, the composition of oil film on the liner keeps changing due to evaporation and the ring passage. While the change of mass fraction of an oil species due to the evaporation can be calculated in a straightforward way once the evaporation rate is known, the calculation of the change of oil composition due to ring passage has to be associated with the lubrication of the piston ring-pack.
In the ring/liner interface, the relative motion between the ring and the liner and the pressure difference between the leading and trailing edges can drive the oil from one location to another. The governing equation for species i at location
where ξ i is the mass fraction of species i in the oil at location x, h oil the oil film thickness at this location, q oil flow rate at this location. Both h oil and q are known information from the hydrodynamics lubrication sub-model described in [8] .
SAMPLE RESULTS AND DISCUSSIONS
This model was applied to a gasoline engine with both bore diameter and stroke of 86mm, running at 3500RPM and full load condition. The liner temperature at TDC and BDC of the top ring are 160C° and 120C° respectively, while in between, the temperature is estimated by an expression based on the square root of the distance from the TDC of the top ring. The baseline oil (mineral) was used for the calculation, of which 23 species were considered. Similar to [7] , the extreme case of sufficient fresh oil supply to the 2 nd ring during downstrokes was assumed.
The model results show that the total evaporated oil over a complete cycle is 30µg/cylinder, and light species contribute the most to the total evaporated oil. Specifically, the four lightest species, which are only 3% in the fresh oil, add up to 61% of the evaporated oil.
From the simulation of the piston ring-pack lubrication in [7] , it was found that at the end of compression stroke, the oil film thickness on the upper liner region is greater than that of the intake stroke, which means that some oil is carried by the ring-pack from lower liner region to upper liner region. Corresponding to the change in oil film thickness, the mass fraction of the four lightest species in the upper liner region at the end of compression stroke is higher than that at the end of intake stroke, as shown in Figure 1 . This is because that the light species of oil on the lower liner region are less depleted than the upper liner region, and oil transport from the lower region to the upper region during the compression stroke can increase the concentration of light species in the upper region. During the following expansion stroke, the light species on the upper region are evaporated and their mass fraction decreases to a low level. From the analysis above, it can be concluded that oil transport plays a very important role in the oil evaporation. Without the continuous supply of light species to the upper liner region, the oil in this region will be greatly depleted and hard to evaporate.
Oil vapor was tracked with respect to the axial location of the liner from which it evaporated. As shown in Figure 2 for the distribution of the evaporation rate along the liner (black curve), the region around the TDC of 2 nd ring has the highest evaporation rate. Beyond this location, although the liner temperature increases, the evaporation rate decreases because it becomes more difficult for fresh oil to be transported into the upper region. Around the TDC of 2 nd ring, the fresh oil is easy to reach as the model assumption indicates. Meanwhile, the temperature at this region is still at a high level. These two factors determine that the highest evaporation rate occurs around the TDC location of the 2 nd ring. Further down to the lower liner region, although the fresh oil is easy to reach, the evaporation rate decreases rapidly because of the low liner temperature. No consideration of the depletion of light species will induce overestimated oil evaporation (15% more), as also shown in Figure 2 .
For hotter liner conditions such as highly charged diesel engines, the light species are greatly depleted in the upper liner region. The significance of the light species transported into this region through the ring-pack movement becomes more crucial [9] . When light species are extremely depleted, using fresh oil on the entire liner surface will give unrealistic prediction of oil evaporation. 
